Tobacco use is the number one cause of preventable deaths in the United States.
Introduction
Tobacco use is the number one cause of preventable deaths in the United States. 1 Of particular concern is the high rate of tobacco use among women, who are more susceptible to the negative health consequences of long-term smoking than men. 2 As a result, tobacco use is believed to be a major contributing factor to health disparities in women. In spite of the magnitude of the problem, surprisingly little is known about the underlying biological factors that promote tobacco relapse in females.
Much work has suggested that stress promotes tobacco use in women. For example, women report more negative mood states, such as depression, anxiety, and intense craving during smoking abstinence than men. [3] [4] [5] Women also use more tobacco products and display lower quit rates relative to men. 6 Furthermore, women report that they maintain tobacco use to relieve intense withdrawal symptoms that emerge during abstinence, and they claim more often than men that the anxiety-reducing effects of cigarettes are the main reason for smoking. male rodents. For example, female rats exhibit more physical signs of nicotine withdrawal than males. 10 Female rats also display a larger aversion for an environment paired with nicotine withdrawal than males. 11 During nicotine withdrawal, female rats also display higher levels of anxiety-like behavior, plasma corticosterone and corticotropin releasing factor (CRF) gene expression in the nucleus accumbens (NAcc) as compared to males. 12 The latter study also showed that there were no sex differences in CRF gene expression in the amygdala or hypothalamus, suggesting that sex differences in withdrawal are modulated in the NAcc. Consistent with this, sex differences in various markers have been reported in the NAcc of rodents experiencing withdrawal from cocaine, 13, 14 ethanol, 15, 16 and opiates. 17 Taken together, these studies provide converging lines of evidence to suggest that the intense negative symptoms produced by withdrawal from drugs of abuse in females is modulated within the local circuits of the NAcc.
Our previous research compared changes in CRF gene expression in the NAcc of female and male rats experiencing nicotine withdrawal. 12 This work was important towards establishing that the NAcc plays a role in modulating sex differences produced by withdrawal. The present study expands this work by examining the role of ovarian hormones in promoting strong stress responses produced by nicotine withdrawal in females. Furthermore, we expand our previous work by examining various stress-associated genes and dopamine markers that are believed to promote withdrawal in females. Thus, the present study compared anxiety-like behavior and the expression of stress-associated genes in the NAcc of intact female and ovariectomized (OVX) female rats following nicotine exposure and withdrawal from this drug. The stress-associated genes that were examined include: CRF, urocortin (UCN), CRF receptor subtypes (CRF-R1 and CRF-R2), CRF binding protein (CRF-BP), and betaarrestin2 (Arrb2). We included Arrb2 based on the finding that in the locus coeruleus, female rats display lower levels of Arrb2, an important protein involved in the internalization of CRF-R1 receptors. 18, 19 We recently presented a mechanistic hypothesis suggesting that nicotine withdrawal in females is mediated by an interaction between CRF, dopamine and estradiol systems in the NAcc. 11 Previous work has shown that dopamine levels are decreased in the NAcc during nicotine withdrawal. 20, 21 We hypothesize that nicotine withdrawal activates stress systems in the NAcc, which decreases dopamine levels in this region. As an indirect assessment of changes in dopamine transmission in the NAcc, the present study compared changes in gene expression of dopamine receptors (Drd1, Drd2, and Drd3) during nicotine exposure and withdrawal. We also hypothesize that estradiol in the NAcc promotes the effects of CRF. Indeed, the highest levels of CRF are observed during proestrus when estradiol levels are highest. 22 Furthermore, previous work has hypothesized that estradiol receptors (Esr2) are anatomically positioned in the striatum to promote dopamine release produced by administration of drugs of abuse, such as cocaine. 23, 24 Thus, the present study also compared changes in Esr2 gene expression in the NAcc across our experimental conditions.
Methods

Subjects
Female Wistar rats were purchased from Harlan, Inc. The rats were housed in groups of 2-3 per cage in a humidity-and temperaturecontrolled vivarium using a 12/12-hr light/dark cycle with lights off at 8:30 a.m. All procedures were approved by the UTEP Animal Care and Use Committee and followed the guidelines of the NIH Guide for the Care and Use of Laboratory Animals. This study consisted of six experimental groups, including intact and OVX female rats that received sham surgery (control) or implantation of a subcutaneous pump that delivered nicotine. The latter group was subdivided such that half of the rats were tested with nicotine present (nicotine exposure) or 24 hr after pump removal (nicotine withdrawal). The experimental groups and a timeline of our procedures are depicted in Figure 1 .
Experimental Procedures
All surgical procedures were conducted using aseptic techniques under isoflurane/oxygen (1%-5%) gas anesthesia. Intact female rats received a sham surgery or OVX procedures, as described previously. 25 The OVX surgery was conducted during an early stage of development (postnatal day [PND] 45-46) before the onset of adulthood (PND 50-60) when female rats begin to regularly cycle. 26 This was done in order to eliminate the organizational effects of ovarian hormones believed to promote nicotine withdrawal in the NAcc. The present study did not compare our effects across the 4-day estrous cycle because repeated vaginal lavage procedures can induce stress, which might have influenced our results. Furthermore, at University of Texas at El Paso on March 16, 2015 http://ntr.oxfordjournals.org/ Downloaded from previous work has shown that the behavioral effects of nicotine are not altered across estrous. 25, 27 On PND 60-65, the rats received a sham surgery (controls) or were surgically prepared with subcutaneous pumps that delivered nicotine continuously (3.2 mg/kg/day/base; Alzet 2ML2). After 14 days of nicotine exposure, half of the rats had their nicotine pumps removed and the other half did not have their pumps removed. The pumps were surgically excised under isoflurane anesthesia. The group that did not have their pumps removed was exposed to isoflurane gas as a control procedure. This group of rats was included in order to better understand the effects of nicotine withdrawal versus those produced by chronic exposure to this drug. The nicotine exposure group was sacrificed on the same day as the nicotine withdrawal group, which had their pumps removed the previous day. In this way, only one group was tested during nicotine withdrawal.
Twenty-four hours after nicotine pump removal, anxiety-like behavior was assessed using the elevated plus maze (EPM) and light/ dark transfer (LDT) procedures. The rats were tested individually in a series of steps. First, the rats were acclimated to the EPM test room in a rectangular Plexiglas® cage for 5 min. The animals were then placed onto the EPM facing the open arm and time spent in open versus closed arm was recorded for 5 min. Time spent in the center area was also recorded. After EPM testing, the rats were acclimated to a separate LDT test room for 5 min. The rats were then placed in the dark side of the LDT apparatus and time spent in the light versus dark chambers was recorded for 5 min. For each procedure, the apparatus was thoroughly cleaned with 70% ethanol and water between each animal.
After behavioral testing, the NAcc was rapidly dissected and placed on dry ice and stored at −80 °C. Total RNA was isolated using the All Prep DNA/RNA mini kit (QIAGEN, Inc.) for small tissue sections following to the manufacturer's protocol. After isolation, RNA was quantified using a UV/V spectrophotometer (Beckman Coulter Inc.). The target ratio of 1.8-2.0 for A260/280 was used as an inclusion criterion for all RNA samples. The quality of the RNA was then visualized by MOPS 1% agarose gel (37% formaldehyde) using the Thermo Scientific easy cast electrophoresis system. The gels were verified for characteristic 18S and 28S ribosomal RNA bands using ethidium bromide staining and the Bio-Rad ChemiDoc XRS+ imaging system. Samples containing insufficient amounts of RNA were excluded from further analyses. One microgram of total RNA was then digested with DNaseI, Amp Grade (Invitrogen) prior to cDNA synthesis in order to remove any DNA contamination. The RNA was then reverse transcribed into cDNA with the Advantage® RT-for-PCR kit (Clontech) using Oligo (dT) primers, following the manufacturer's instructions. Table 1 lists the specific primers for stress-associated genes (CRF, UCN, CRF-R1, CRF-R2, CRF-BP, and Arrb2) and receptors for dopamine (Drd1, Drd2, and Drd3) and estradiol (Esr2). The primers were synthesized by Integrated DNA Technologies, Inc. Commercially available SYBR® Fast qPCR fluorescent labeling kits (Kapa Biosystems, Inc.) were used to perform qRT-PCR using the Mastercycler ep Realplex2 System (Eppendorf, Inc.). The amplification specificity for each primer was tested for a single-band product, as evidenced by TAE 1% gel electrophoresis and visualized on the Bio-Rad ChemiDoc XRS+ system. Total cDNA was first pooled from separate experimental groups and then diluted in serial fashion to calculate the PCR amplification efficiency, which averaged E = 1.88 across all of our primers. cDNA samples were run in duplicate for each gene. PCR values were normalized using RPL-13A based on our observation that this reference gene displayed the most stable expression in both intact and OVX females across the experimental conditions of this study (data not shown).
Statistics
For the behavioral results, the dependent variable was time spent in the open versus closed arm of the EPM or the light versus dark side of the LDT apparatus. Anxiety-like behavior was operationally defined as a significant increase in time spent in the closed arm of the EPM or in the dark side of the LDT apparatus relative to controls. Accordingly, anxiety-like behavior was also evident as a significant decrease in time spent in the open arm of the EPM or in the light side of the LDT apparatus as compared to controls.
Our statistical approach involved an overall analysis to determine whether changes in anxiety-like behavior or gene expression were hormone dependent. Our analyses of gene expression were conducted in a similar manner as the behavioral studies. However, we began with an overall multivariate analysis of variance (MANOVA) that included subsets of gene families that are related (i.e., stressassociated genes or dopamine receptors) as dependent variables. This allowed us to explore whether there were differences within clusters of related gene families prior to our subsequent analyses on individual genes. Specifically, a two by three ANOVA was conducted with OVX condition (intact and OVX) and nicotine treatment (control, nicotine exposure, and nicotine withdrawal) as between subject factors. In instances where significant interaction effects were observed, individual group comparisons were conducted using Fisher's LSD tests (p < .05). Given our a priori hypothesis regarding the unique contribution of stress in promoting nicotine withdrawal in intact females, we conducted separate analyses that only included intact females. Lastly, Pearson correlations (r) were conducted on CRF  ATG CTG CTG GTG GCT CTG T  GGA TCA GAA TCG GCT GAG GT  UCN  TGG ATA GAC ACT CCG ATA AC  GGA TCC TGG ACC ACA TTC  CRF-R1  CCA GAG CAA TGT GGC  CTG TGT GCA GGT AGC  CRF-R2  TCA TTG GAT GGT GCA TAC  TTG ATG AGG AGC ACG AG  CRF-BP  TTG AAG AAA CCT GCG G  GGT AAC ACA GGT CCA CTA  Arrb2  CTG AAA CCA CAC GCC  GTG ACG TGG ACG TTG  Drd1  GA CAC AAG GTT GAG CA  CTG GGC AAT CCT GTA GAT A  Drd2  GTG TGT TCA TCA TCT GCT  GAA CTC GAT GTT GAA GGT  Drd3  ACC TCT GAG CCA GAT AAG  CAC AGC AGC ACA TAC CA  Esr2  CTC AGC CTG TTG GAC CAA GT  CCT CAT CCC TGT CCA GAA CG   a   RPL13a GGA TCC CTC CAC CCT ATG ACA CTG GTA CTT CCA CCC GAC CTC UCN gene expression and time spent in the closed arms of the EPM and the dark side of the LDT apparatus in intact female controls and rats that were tested during nicotine withdrawal.
Results
Changes in Anxiety-Like Behavior Figure 2 illustrates our assessment of anxiety-like behavior in the EPM (panel A and B) and LDT (panel C and D) procedures in female intact and OVX controls (white bars), nicotine exposed (grey bars) and nicotine withdrawal (black bars) groups of rats. Our analysis of time spent in the closed arm of the EPM revealed a significant interaction between nicotine treatment and OVX condition (F (2,52) = 7.89, p < .01). During nicotine withdrawal, intact females displayed a significant increase in time spent in the closed arms relative to controls (*p < .05) and nicotine-exposed rats (#p < .05). Similarly, our analysis of time spent in the open arms revealed an interaction between nicotine treatment and OVX condition (F (2,52) = 8.86, p < .01). During nicotine withdrawal, intact females displayed a significant reduction in time spent in the open arms relative to controls (*p < .05) and nicotine-exposed rats (#p < .05).
Our analysis of time spent in the dark compartment of the LDT apparatus revealed that there was no significant interaction between nicotine treatment and OVX condition (F (2,52) = 1.03, p = .36). However, we did observe a significant main effect of OVX condition (F (1,52) = 12.73, p < .01). A separate analysis of intact females revealed a significant effect of nicotine treatment (F (2,20) = 3.8, p < .05), such that intact females displayed a significant increase in time spent in the dark compartment relative to controls during nicotine withdrawal (*p < .05). Similarly, our analysis of time spent on the light compartment revealed that intact females displayed a significant decrease in time spent in the light compartment relative to controls during nicotine withdrawal (*p < .05). CRF-BP-panel E; Arrb2-panel F) in the NAcc of intact and OVX female control (white bars), nicotine exposed (grey bars) and nicotine withdrawal (black bars) groups of rats. A MANOVA analyses that included all of the stress-associated genes depicted in Figure 3 revealed a significant overall interaction between nicotine treatment and OVX condition (F (4,48) = 3.90, p < .01) .
Changes in Gene Expression
The subsequent analysis of CRF revealed a significant interaction between nicotine treatment and OVX condition (F (2,52) = 5.42, p < .01). The intact females that were tested during nicotine withdrawal displayed a significant increase in CRF gene expression relative to controls (*p < .05) and OVX rats ( †p < .05). Similarly, the UCN results revealed a significant interaction between nicotine treatment and OVX condition (F (2,52) = 2.8, p < .05). The intact females that were tested during nicotine withdrawal displayed an increase in UCN gene expression relative to controls (*p < .05) and their nicotine-exposed counterparts (#p < .05). The OVX females that were tested during nicotine withdrawal displayed a decrease in UCN gene expression relative to their intact female counterparts ( †p < .05).
The analysis of CRF-R1 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 0.84, p = .43). However, there was a main effect of OVX condition (F (2,52) = 4.56, p < .05), with OVX females displaying lower levels of CRF-R1 gene expression as compared to intact females regardless of nicotine treatment ( †p < .05). A separate analysis revealed that intact females that were tested during nicotine exposure displayed a significant decrease in CRF-R1 gene expression relative to controls (*p < .05). Similarly, the results from CRF-R2 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 0.08, p = .44). However, there was a main effect of OVX condition (F (1,52) = 12.53, p < .05), with OVX females displaying lower levels of CRF-R2 gene expression as compared to A and B ) and in the light and in dark compartments of the light/dark transfer (panel C and D) in intact (control n = 8; nicotine exposure n = 6; nicotine withdrawal n = 9) and ovariectomized (OVX) (control n = 11; nicotine exposure n = 13; nicotine withdrawal n = 11) female rats. The asterisks denote a significant difference from controls, the number signs denote a difference between the nicotine exposure and withdrawal groups, and the dagger denotes a decrease across the OVX condition (p < .05).
intact females regardless of nicotine treatment ( †p < .05). A separate analysis revealed that intact females that were tested during nicotine exposure displayed a significant decrease in CRF-R2 gene expression relative to controls (*p < .05).
The analysis of CRF-BP revealed a significant interaction between nicotine treatment and OVX condition (F (2,52) = 4.12, p < .05). The intact females that were tested during nicotine exposure displayed a significant increase in CRF-BP gene expression as compared to controls (*p < .05) and their female counterparts that were tested during withdrawal (#p < .05). The results from Arrb2 revealed that there were no interaction effects (F (2,52) =1.68, p = .19). However, there was a main effect of OVX condition (F (1,52) = 7.86, p < .05), with OVX females displaying lower levels of Arrb2 gene expression as compared to intact females regardless of nicotine treatment ( †p < .05). Figure 4 illustrates changes in gene expression of receptors for dopamine (Drd1-panel A; Drd2-panel B; Drd3-panel C) and estradiol (Esr2-panel D) in the NAcc of intact and OVX female control (white bars), nicotine exposed (grey bars) and nicotine withdrawal (black bars) groups of rats. A MANOVA analysis that included all of the genes depicted in Figure 4 revealed that there was no significant interaction between nicotine treatment and OVX condition (F (4,50) = 4, p = .06). Given our interest in examining the effects of nicotine withdrawal on dopamine and estrogen receptors, the following analyses were conducted on individual gene basis.
The subsequent analysis of Drd1 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 0.32, p = .72). However, there was a main effect of OVX condition (F (1,52) = 21.6, p < .01), with OVX females displaying a significant decrease in Drd1 gene expression compared to intact females ( †p < .05). A separate analysis revealed that intact females displayed an increase in Drd1 gene expression during nicotine withdrawal relative to controls (*p < .05). The results from Drd2 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 0.24, p = .78). However, there was a main effect of OVX condition (F (1,52) = 14.3, p < .01), with OVX females displaying a decrease in Drd2 gene expression as compared to intact females regardless of nicotine treatment ( †p < .05). The analysis of Drd3 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 0.08, p = .91). However, there was a main effect of OVX condition (F (1,52) = 13.4, p < .01), with OVX females displaying lower levels of Drd3 gene expression compared to intact females regardless of nicotine treatment ( †p < .05). A separate analysis revealed that intact females displayed a decrease in Drd3 gene expression during nicotine exposure and withdrawal relative to controls (*p < .05).
The results from Esr2 revealed that there was no interaction between nicotine treatment and OVX condition (F (2,52) = 1.3, p = .28). However, there was a main effect of OVX condition (F (1,52) = 7.86, p < .05), with OVX females displaying lower levels of Esr2 gene expression compared to intact females regardless of nicotine treatment ( †p < .05). A separate analysis revealed that intact females displayed a decrease in Esr2 gene expression during nicotine exposure as compared to controls (*p < .05). Figure 5 illustrates UCN gene expression plotted against our assessments of anxiety-like behavior (EPM-panel A; LDT-panel B) in intact female controls and rats that were tested during nicotine withdrawal. Our analysis of the EPM data revealed that there was no correlation between time spent on the closed arms and UCN gene Figure 3 . Gene expression of stress-associated targets in the nucleus accumbens of intact (control n = 8; nicotine exposure n = 6; nicotine withdrawal n = 9) and ovariectomized (OVX) (control n = 11; nicotine exposure n = 13; nicotine withdrawal n = 11) female rats. The data are presented as percent fold change (±SEM) from intact female controls. The asterisks denote a significant difference from controls, the number signs denote a difference between the nicotine exposure and withdrawal groups, and the daggers denote a decrease across the OVX condition (p < .05).
expression in intact controls (r = −0.41, p = 0.16). However, there was a positive correlation between time spent on the closed arms and UCN gene expression in intact females that were tested during nicotine withdrawal (r = 0.62, p < .05). The correlation between anxiety-like behavior and UCN gene expression accounted for a larger proportion of the variance in the females that were tested during withdrawal (r 2 = 0.37) as compared to controls (r 2 = 0.16). Similarly, our analysis of UCN gene expression and the LDT data revealed that there was no correlation between time spent on the dark side of the LDT apparatus and UCN gene expression in intact controls (r = −0.13, p = .38). In contrast, there was only a trend for a positive correlation between these measures in intact females that were tested during nicotine withdrawal (r = 0.50, p = .08). The correlation between anxiety-like behavior and UCN gene expression accounted for a larger proportion of the variance in the females that were tested during withdrawal (r 2 = 0.23) as compared to controls (r 2 = 0.02).
Discussion
In summary, during nicotine withdrawal, intact females displayed an increase in anxiety-like behavior as compared to controls. This behavioral effect was accompanied by a withdrawal-induced increase in gene expression of the neuropeptides CRF and UCN. Intact females also displayed an increase in Drd1 gene expression during withdrawal. During nicotine exposure, a distinct pattern of changes in gene expression emerged as compared to withdrawal. Namely, intact females displayed a decrease in CRF-R1, CRF-R2, Drd3, and Esr2 relative to controls. There was also an increase in CRF-BP gene expression in intact females during nicotine exposure. The pattern of changes in anxiety-like behavior and gene expression were absent in OVX females. A major finding of this report is that the pattern of changes in anxiety-like behavior and gene expression observed in intact females was absent in OVX females. This suggests that ovarian hormones play an important role in modulating strong stress responses produced by nicotine withdrawal in females. Our results also revealed that OVX females displayed a general suppression of gene expression across most of the targets that were examined (CRF-R1, CRF-R2, Arrb2, Drd1, Drd2, Drd3, and Esr2). These findings suggest that ovarian hormones are necessary for the normal induction of these genes in the NAcc. However, we recognize a previous report Figure 4 . Gene expression of dopamine and Esr2 receptors in the nucleus accumbens of intact (control n = 8; nicotine exposure n = 6; nicotine withdrawal n = 9) and ovariectomized (OVX) (control n = 11; nicotine exposure n = 13; nicotine withdrawal n = 11) female rats. The data are presented as percent fold change (±SEM) from intact female controls. The asterisks (*) denote a significant difference from controls and the daggers ( †) denote a decrease across the OVX condition (p < .05). showing that estradiol replacement did not alter dopamine receptor gene expression in the NAcc of OVX females. 28 The present study laid the groundwork for future research aimed at examining the role of ovarian hormones in promoting nicotine withdrawal in females. Our results suggest that estradiol systems are altered following nicotine exposure. This is based on our finding that Esr2 gene expression was reduced in a hormone-dependent manner following nicotine exposure. Future studies might also examine the role of other ovarian hormones, such as progesterone that have been posited to modulate tobacco use in females. 29, 30 In the present study, female rats received OVX procedures before puberty. Future studies might examine the activational effects of ovarian hormones on stress produced by nicotine withdrawal in females that receive OVX procedures during adulthood. This is important from a translational perspective with regard to the effects of menopause, hysterectomy or hormone treatments on tobacco use vulnerability in females.
Another important finding of this report is that nicotine withdrawal produced an increase in anxiety-like behavior that was accompanied by an activation of stress-associated neuropeptide genes in the NAcc of intact females. The finding that intact females display an increase in CRF gene expression in the NAcc during nicotine withdrawal is consistent with previous research in our laboratory. 12 The present study extends prior work by showing that UCN is another important neuropeptide in the NAcc that promotes stress responses produced by nicotine withdrawal in females. Indeed, a correlational analysis revealed that there is a positive relationship between anxiety-like behavior exhibited on the EPM and UCN gene expression in the NAcc of intact females experiencing nicotine withdrawal. It is important to note that a significant correlation was only observed between our EPM data and changes in UCN gene expression. This is likely related to the robust group differences that were observed in the UCN gene data. Also, one potential limitation of our study is that we conducted multiple comparisons across several gene targets, which may lead to an increase in Type 1 error across multiple statistical tests. However, our finding that the general pattern of changes in UCN and CRF gene expression were similar suggests that stress-associated neuropeptides in the NAcc modulate sex differences during nicotine withdrawal. This is consistent with findings from other laboratories showing that female rodents display an increase in anxiety-like behavior and plasma corticosterone levels during nicotine withdrawal. [31] [32] [33] [34] The present study also revealed a different pattern of changes in CRF receptor gene expression during nicotine exposure and withdrawal. Specifically, both CRF-R1 and CRF-R2 gene expression was decreased during nicotine exposure in intact females. However, CRF-R1 and CRF-R2 gene expression returned to baseline values during withdrawal. Normalized levels of CRF-R1 and CRF-R2 during withdrawal may be important, given that these receptors are necessary for the expression of the behavioral effects of nicotine withdrawal. 35, 36 Future studies are warranted to examine posttranslational changes in neuropeptide receptor levels during withdrawal and the mechanisms by which these changes occur following chronic nicotine exposure.
The current study also demonstrated that nicotine exposure increased CRF-BP gene expression in the NAcc of intact females. CRF-BP has a high affinity for CRF and UCN and sequesters high levels of these neuropeptides as a protective mechanism to quell strong physiological responses during stress. Indeed, CRF-BP inhibits adrenocorticotrophic hormone (ACTH) release produced by CRF administration. 37, 38 CRF-BP knockout mice also display an increase in anxiety-like behavior. 39 Intracerebroventricular administration a CRF-BP inhibitor has also been shown to blunt ACTH release and reverse the increases in weight gain and food intake produced by nicotine withdrawal. 40 Taken together with the current findings, these studies suggest that CRF-BP may increase during nicotine exposure as a biological constraint against the excess levels of CRF produced by chronic nicotine exposure. However, during nicotine withdrawal CRF-BP normalizes, thus promoting a strong stress response in females.
We recently presented a hypothesis that stress systems interact with dopamine and estradiol in the NAcc to enhance nicotine withdrawal in females. 11 Specifically, we posited that opponent processes are recruited to counteract the chronic over-activation of dopamine in the NAcc produced by repeated nicotine exposure. The emergence of these opponent processes is believed to be evident during withdrawal from chronic nicotine as an increase in stress-associated neuropeptides in the NAcc. This increase in neuropeptides is hypothesized to decrease dopamine during nicotine withdrawal. There is support for our hypothesis based on the finding that intact females displayed a robust increase in Drd1 gene expression during nicotine withdrawal. The increase in Drd1 gene expression is indirect evidence that dopamine levels were decreased in the NAcc of intact females experiencing nicotine withdrawal. The present study also revealed that Drd3 gene expression was decreased during nicotine exposure and withdrawal. Together these findings suggest that the different dopamine receptor subtypes play a unique role in modulating the effects of nicotine exposure and withdrawal.
We recognize that the role of stress in promoting drug abuse in females likely involves a complex interaction of several brain regions. 41 The present study focused on the NAcc based on previous work in our laboratory that compared changes in CRF gene expression in the NAcc, amygdala, and hypothalamus of male and female rats experiencing nicotine withdrawal. 12 The later study revealed that CRF gene expression is uniquely increased in the NAcc of female rats experiencing withdrawal. The present study expanded this work by including additional stress-associated genes as well as changes in dopamine receptor genes during nicotine withdrawal in females. Our focus on the local circuits of the NAcc allowed us to compare changes in multiple genes across a number of control groups to study role of ovarian hormones in nicotine exposure versus withdrawal conditions. Future studies are needed to elucidate the role of other brain regions in the complex circuitry that promotes tobacco use in females.
The present study reflects a first step toward addressing our hypothesis regarding enhanced vulnerability to tobacco use in females. We suggest that intense anxiety produced by nicotine withdrawal promotes tobacco use in women. Moreover, we propose that enhanced nicotine withdrawal in females is modulated via a complex interplay between stress-related neuropeptides and dopamine systems. In a clinical setting, most smoking cessation strategies focus on alleviating withdrawal. However, these treatment approaches are applied in a unilateral manner with limited success in women. The present study suggests that the most effective cessation medications for women might need to reduce intense stress produced by nicotine withdrawal. More research is needed at both the clinical and preclinical levels to help guide the development of more effective treatment approaches for tobacco use in females.
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